The effect of intra-aortic counterpulsation (IACP, 22-94 hr) on hemodynamics and cardiac energetics was evaluated in 10 patients in shock after acute myocardial infarction. The data clearly indicate that IACP improves myocardial oxygenation, enhances peripheral perfusion, and probably improves myocardial contractility in the severely diseased heart. Before treatment, decreases in cardiac index (mean value, 1.22 liter/min per m 2 ), systolic ejection rate (67 ml/sec), and time-tension index per minute (1280 mm Hg·sec/min) were observed. Systemic vascular resistance varied widely. Low coronary blood flow (68 ml/min per 100 g) was associated with increased myocardial oxygen extraction (79%), low coronary sinus oxygen tension (20 mm Hg), and abnormal myocardial lactate-pyruvate metabolism.
A B S T R A C T The effect of intra-aortic counterpulsation (IACP, 22-94 hr) on hemodynamics and cardiac energetics was evaluated in 10 patients in shock after acute myocardial infarction. The data clearly indicate that IACP improves myocardial oxygenation, enhances peripheral perfusion, and probably improves myocardial contractility in the severely diseased heart.
Before treatment, decreases in cardiac index (mean value, 1.22 liter/min per m'), systolic ejection rate (67 ml/sec), and time-tension index per minute (1280 mm Hg -sec/min) were observed. Systemic vascular resistance varied widely. Low coronary blood flow (68 ml/min per 100 g) was associated with increased myocardial oxygen extraction (79%), low coronary sinus oxygen tension (20 mm Hg), and abnormal myocardial lactate-pyruvate metabolism.
During 4-6 hr of IACP, systolic pressure and left ventricular outflow resistance decreased by 18% and 24%, respectively, while cardiac index improved by 38%. Diastolic arterial pressure rose 98%. Increase in coronary blood flow from an average of 68 to 91 ml/100 g per min (P < 0.001) was significantly correlated with rise in mean arterial pressure (r = 0.685). This correlation was best expressed in a third-order curve, which intercepts the point of no flow at a mean aortic pressure of 30 mm Hg. The flow-pressure curve is relatively flat above 65-70 mm Hg, but becomes steeper as mean aortic pressure falls below this point. Myocardial oxygen consumption remained essentially unchanged during early IACP and tended to rise during the later stages.
However, the relationship of cardiac work performed to oxygen availability was markedly improved. Myocardial INTRODUCTION Pump failure is the most common cause of death in patients with acute myocardial infarction, who do not succumb to fatal cardiac arrhythmias. The functional integrity of tissues in the hours after an acute decrease in coronary perfusion depends upon the delicate balance between oxygen need and availability. Changes in the amount and distribution of coronary blood flow determine oxygen delivery to the myocardium while changes in heart rate, ventricular wall tension, and the contractile state of cardiac muscle determine the oxygen requirement (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Tachycardia and ventricular dilatation may well increase oxygen need and, together with decreased oxygen availability, initiate a vicious cycle terminating in irreversible ventricular failure.
In theory, at least three compartments exist after local decrease or cessation of blood flow: a central dead or infarcted segment, a peripheral ischemic segment, and
The Journal of Clinical Investigation Volume 50 1971 adjacent or remote areas of functionally normal myocardium (11) . The relative size of these segments presumably depends upon surviving areas of myocardium. Periods of hypotension lead to extension of the central necrotic areas decreasing ventricular function, while producing ventricular dilatation which may increase oxygen requirements. Further extension of infarcted and ischemic areas may so impair ventricular function that circulatory collapse or acute mechanical asystole result.
Recent studies have suggested that intra-aortic counterpulsation (IACP) may decrease ventricular work and increase oxygen delivery in coronary shock (10, (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) . Detailed studies of myocardial metabolism with IACP have not been reported, however.
This paper presents hemodynamic and metabolic data before, during, and after IACP in human coronary shock. These studies confirm earlier work and demonstrate that IACP both decreases ventricular work and increases oxygen delivery in the infarcted heart.
METHODS

Selection of patients and preliminary therapy
All patients admitted to the hospital with signs and symptoms suggesting the shock syndrome are transferred to a specially equipped shock unit for continuous electrocardiographic and vascular pressure monitoring. All patients with acute myocardial infarction are admitted to a coronary care unit and transferred to the shock unit if indicated. Details of admission to the coronary care unit together with overall survival experience have been previously published (30) .
Patients were considered for the present study if all of the following criteria were met: (a) absent or poorly palpable peripheral pulses, (b) cold, clammy extremities with mottled skin, (c) changes in mental status with either agitation or lethargy, (d) urine output less than 25 ml/hr, and (e) electrocardiographic findings suggesting acute myocardial infarction. While most patients had a systolic blood pressure less than 80 mm Hg, four patients had peak systolic pressures in excess of this level even though they were in profound shock.
The first 12 patients, treated with IACP from March 1969 through May 1970 in this institution, were selected from a group of approximately 45 patients in coronary shock. 10 of the 12 patients had special hemodynamic and metabolic evaluation. Our objective was to initiate IACP when the shock state persisted after correction of oxygenation, acid-base balance, and intravascular volume, and when the patient was dependent on l-norepinephrine for more than 4 hr. However, most of the patients received l-norepinephrine longer than 4 hr before initiation of IACP for a variety of reasons not directly related to the shock state.
Emergency therapy was instituted, and the patient was stabilized before and during the time of evaluation and balloon insertion. Details of preliminary use of vasoactive agents together with a brief summary of the clinical data and of the outcome are presented in Table I . The ventilatory status was evaluated by measurement of arterial oxygen and carbon dioxide tension. All 12 patients were intubated and placed on a volume cycled respirator (Emerson). Our indication for intubation and selection of respirators have been previously published (31) . Acid-base balance was achieved by infusion of sodium bicarbonate. Volume deficits were corrected, and central venous pressure was maintained between 10 and 14 mm Hg. Patients were sedated as necessary with meperdine (Demerol; Winthrop Laboratories) 15-25 mg/hr i.v. and promethazine (Phenergan; Wyeth Laboratories) 25 mg every hr i.v. l-Norepinephrine was administered in all patients before IACP (see Table I ). Transvenous pacemakers were inserted in 11 patients.
Experimental protocol
The polyurethane balloon catheter' was inserted via cutdown of the right femoral artery. The tip of the catheter was placed approximately I in. distal to the left subclavian artery. The position of the balloon was determined by fluoroscopy with a portable image intensifier2 before the catheter was secured in the artery using the method described by Kantrowitz et al. (18) . Balloons of either 33 or 27 ml were used depending upon the size of the patient. All patients were heparinized after the balloon was inserted.
The following protocol for hemodynamic and metabolic evaluation was approved by the Hospital Research Committee. Written permission for both IACP and hemodynamic and metabolic studies was obtained from responsible family members since the patients were extremely ill. They were specifically informed that many of the procedures were experimental and investigative in nature but that the results might be of direct benefit to the patient under treatment.
Vasoactive agents were discontinued for approximately 20 min before the procedure. Arterial and central venous pressures, arterial pH, oxygen, and carbon dioxide tensions were monitored. Studies were not performed when these measurements could not be stabilized. Temporal variations of myocardial metabolism in coronary shock were presented previously, demonstrating that a relatively steady state had been achieved and confidence limits had been established, to judge the effect of therapeutic interventions (32) . The patients treated with IACP were similar to those previously reported. Statistical evaluation indicated that the two groups of patients were clinically and hemodynamically similar. An attempt was made to utilize IACP in all patients meeting the criteria listed under Methods so that the group reported represents an essentially unselected series of patients with severe coronary shock. Studies reported after the initial period of IACP are highly selective, however, since certain patients died before repeat observations could be made. In spite of these limitations, we believe that the data reported demonstrate the effect of IACP in a representative series of patients with severe coronary shock.
A metabolic evaluation included duplicate determinations of cardiac output, a single measurement of coronary blood flow, and sampling of arterial and coronary sinus blood. Arterial and central venous pressures and heart rate were recorded during measurement of cardiac output and coronary blood flow.
The hemodynamic and metabolic studies were repeated in all patients 4-6 hr during IACP. Sequential studies were performed at intervals of approximately 24 hr up to 94 hr.
Four patients were evaluated 4-6 hr after discontinuation of IACP (subjects 3, 6, 7, 9) , and two of them were reevaluated 14-18 hr later.
A No. 14 polyethylene catheter was inserted by puncture into a surgically exposed radial or brachial artery and ad- [20] [21] [22] [23] [24] [25] min and approximately 200 ml of blood. Blood required for Indocyanine Green cardiac output determinations could be reduced to 100-120 ml by reinfusion of part of the withdrawn blood. All volume losses were corrected by either blood or low molecular dextran administration; hematocrits were checked before each experimental period.
Methods of analysis
Arterial and coronary sinus blood were collected in heparinized syringes and immediately analyzed in duplicate for oxygen and carbon dioxide tensions and pH using a microtip platinum (33), Severinghaus (34) , and glass electrodes, respectively (35) . Details of tonometry and estimates of reliability have been previously published (36) . Oxygen and carbon dioxide contents were measured by the Van Slyke manometric method (37) .
Additional portions of arterial and coronary sinus blood were sampled in dry glass syringes, precipitated within 30 sec in 0.6 M perchloric acid, and analyzed enzymatically for lactate (38) and pyruvate (39) . Details and reliability of analysis have been reported previously (32) .
Cardiac output was measured by an Indocyanine Green dilution technique (40). Indicator was injected by calibrated observation tube into the right atrium, and arterial blood was withdrawn through a Gilford densitometer by a Harvard syringe pump. All determinations were performed in duplicate. The standard deviation of the difference between 27 duplicate cardiac output determinations, performed during acute coronary shock, was 0.245 liter/min with a coefficient of variation of 7.35%o. Details of methodology including calibration procedures, have been previously published (41) .
Coronary blood flow was measured by a modification of the iodoantipyrine-'I method of Kransnow, Levine, Nagman, and Gorlin (42) . The method is simplified by providing arterial and coronary sinus catheters of equal volume. Iodoantipyrine-'81I was infused at a constant rate into the right atrium, and the total amount of isotope delivered during each determination progressively increased in increments of 8 jtCi, to compensate for increase in isotope background.
Details of methodology, critique of the method at the presence of unequal regional blood flow have been previously published (32) . Plasma hemoglobin was measured spectrometrically (43).
Technique of intra-aortic counterpulsation
Counterpulsation was performed with a balloon-driving unit triggered by a precordial electrocardiogram. The balloon was inflated with helium gas, and the peak pressure Derived data. Cardiac index, CI (liters/min per m2) = cardiac output divided by body surface area. Systolic ejection period, SEP (sec/beat) = interval between onset of the rise in aortic pressure and the incisura (44) . Interval was measured from aortic or axillary artery tracing, recorded at 100 mm/sec paper speed. Systolic ejection rate, SER (ml/ sec per. m2) = stroke index/systolic ejection period (45) . Systemic vascular resistance, SVR (dynes-sec-cm-5) = mean arterial pressure minus mean right atrial pressure times 79.9 (conversion factor for mm Hg to dynes-sec-cm-5) cardiac output. Time-tension index per minute, TTM (mm Hg-sec/min) = mean systolic arterial pressure times systolic ejection period times heart rate (2). Left ventricular work index, LVWI (kg-m/min per m2) = mean systolic arterial pressure times cardiac index times 1.36 (conversion factor for mm Hg to cm water)/100 (reference 46). Myocardial oxygen consumption, MVo, (ml/100 g per min) = arteriocoronary sinus oxygen difference times coronary blood flow (46 II F2, variance ratio between data before and after discontinuation of IACP (cases 3, 6, 7, 9) .
the sites of arterial monitoring catheters. In one pa-sation because of a horizontal tear close to the base of tient, the balloon could not be inserted because both ex-the balloon assembly. Examination of the balloon sugposed femoral arteries were small and revealed severe gested that the tear was produced by change in position occlusive disease. of the metal stylette carrier, probably due to a loose One death was directly attributable to balloon pumping. stylette during balloon insertion. The balloon ruptured during the 36th hr of counterpulThe plasma hemoglobin increased from 0 to an average 1890 of 7 mg/100 ml during IACP. In two of six patients in whom the coagulation status was studied, platelets fell below 100,000. However, similar changes were observed in patients with coronary shock who were not treated with IACP. Serum fibrinogen remained within normal limits.
Observations during early hours of IACP. Studies were made in 10 patients after 4-6 hr of continuous IACP. Table II (Fig. 3) . Coronary blood flow tended to fall after the initial increase associated with a decrease in diastolic arterial pressure. Myocardial oxygen extraction steadily increased leading to a fall in coronary sinus oxygen tension. All but two of the patients continued to extract lactate although the percentage of lactate exracted decreased throughout IACP.
Performance after discontinuation of IACP. Studies were performed in four out of six patients in whom IACP could be discontinued. The data were obtained 4-6 hr after termination of IACP; two of these were again studied 14 and 18 hr later.
The following measurements changed significantly from data obtained before initiation Statistically significant increases in coronary blood flow (67-91 ml/min per 100 g) and in myocardial oxygen consumption (7.34-9.66 ml/min per 100 g) were observed. Oxygen extraction decreased in all patients, but the difference was not statistically significant. The Abbreviations: LVOR, mean left ventricular outflow resistance (mm Hg/ml per systolic sec); SER, systolic ejection rate (ml/sec per m2); TTM, time-tension index per minute (mm Hg-sec/mm); SVR, systematic vascular resistance (dynes-sec-cm-5 X 10s). * 62-72 hr during IACP. 20-24 hr off IACP. § Fi, variance ratio between data before and 4-6 hr during IACP. II F2, variance ratio between data before and after discontinuation of IACP (cases 3, 6, 7, 9). myocardium produced 48 .83 /Amoles/min per 100 g (ex-index per beat (r=-0.61, P <0.05) and closely retraction ratio -10%) of lactate before IACP and ex-lated with changes in left ventricular outflow resistance tracted 30.93 smoles/min per 100 g (extraction ratio (r = -0.81, P <0.001). Fig. 3 shows that IACP al-16%) after IACP. most always decreased outflow resistance and increased Interrelationships between certain variables in severe stroke index. In four instances, left ventricular outflow coronary shock. Changes in stroke index during IACP resistance increased, and stroke index decreased. were significantly correlated with changes in tension time Fig. 4 emphasizes the dependency of coronary blood Abbreviations: CBF, coronary blood flow (ml/lOOg per min); MVo2, myocardial oxygen consumption (ml/100 g per min); Exo2, myocardial oxygen extraction ratio (%); Pcso2, coronary sinus oxygen tension (mm Hg). * 62-72 hr during IACP. t 20-24 hr off IACP. § F1, variance ratio between data before and 4-6 hr during IACP. F2, variance ratio between data before and after discontinuation of IACP (cases 3, 6, 7, 9) Intra-Aortic Counterpulsation in Shock after Myocardial Infarction 1893 Interrelationship between coronary blood flow (CBF) and myocardial oxygen (Exo2) and lactate (EXL) extraction in different stages of coronary shock. Before treatment, myocardial lactate production occurred together with oxygen extractions above 78%o and coronary blood flows below 65 ml/100 g per min. During IACP, increase in coronary blood flow above 100 ml/100 g per min was associated with improvement of both, oxygen and lactate extractions, towards normal.
fusion (8) were not significantly different (r = 0.640 and r = 0.683, respectively), the nonlinear relation was preferred, because it is similar to that shown by others in the passive vascular bed (50) . The extrapolation of the curve beyond the observed data intersects the x axis at a mean pressure of approximately 30 mm Hg. Both oxygen and lactate extraction were related to coronary blood flow during all periods of observation. Fig. 5 shows that lactate extraction decreased to 11% and oxygen extraction increased to 71% as coronary blood flow decreased to 85 ml/100 g per min. Lactate production was observed with oxygen extractions above 78% and coronary blood flows below 65 ml/100 g per min.
Myocardial lactate and pyruvate extractions in all stages of study are shown as Cartesian coordinates in the four-quadrant diagram presented in Fig. 6 . Before treatment, all but three patients produced lactate. During early IACP, the extraction ratios tended to cluster in quadrant II and during the later stages of IACP and after discontinuation in quadrant I suggesting progressive improvement in myocardial metabolism.
Serial changes during and after IACP in two patients. Fig. 7 (32) . Therefore, isoproterenol appears to be harmful in the treatment of coronary shock (57) (58) (59) (60) (61) .
L-Norepinephrine restores myocardial lactate metabolism towards normal by raising coronary perfusion pressure and blood flow; myocardial oxygen extraction remains elevated, however, indicating that ventricular work still exceeds oxygen availability (32) . Nevertheless, we believe 1-norepinephrine is the drug of choice in the initial treatment of coronary shock (32, (62) (63) (64) (65) (66) (67) (68) (16, 24, 69, 70) . In contrast, in the ischemic and dilated heart, IACP increased coronary blood flow and oxygen consumption (16, 24, 25 
